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We show that the radio emission of black hole (BH) and neutron star (NS) X-ray binaries (XRBs) 
follows the analytical prediction of a jet model where the jet carries a constant fraction of the 
accretion power The radio emission can therefore be used as a tracer of the accretion rate. This 
measure is normalised with efficiently radiating objects. As it is independent of the X-ray fluxes, 
the measure allows us to compare the accretion rate dependency of the bolometric X-ray lumi- 
nosity of BHs and NSs. For NSs, it scales linearly with accretion rate while the scaling for BHs is 
quadratic - as expected for inefficient accretion flows. We find the same behaviour in AGN. This 
new approach uses the jet power to obtain the accretion rate. Thus, we know both the jet power 
and the radiated power of an accreting BH. This allows us to show that some accretion power 
is likely to be advected into the black hole, while the jet power dominates over the bolometric 
luminosity of a hard state BH. 
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1. Introduction 

The accretion rate is usually assumed to be one of the most important parameters of an ac- 
creting system. While it is possible to measure the accretion rate from the bolometric luminosity 
for some objects, e.g, neutron stars (NSs) as they have a stellar surface and a fairly well known 
accretion efficiency, it is impossible to estimate the accretion rate from the bolometric luminosity 



in black holes (BHs), as the accretion flow can be radiatively inefficient ||20p and power may be 
advected across an event horizon or ejected in form of winds or collimated jets. Here, we show 
that the jet may be a better tracer of the accretion rate than the bolometric luminosity and construct 
an estimator of the accretion rate based on the radio luminosity. Many of the results presented here 



have already been published in ||12|]. 

During an outburst of an X-ray binary (XRB) the source can be found in several distinct 
states (e.g. [|2l], [l|]). In quiescence and at low accretion rates the source is found in the hard state 
characterized by a hard power law in the X-ray spectrum. In the radio one usually observes a steady 



jet [M]. In this state the standard accretion disk [22] is probably truncated and the inner part of the 



accretion disk turns into an inefficient accretion flow (e.g., an advection dominated accretion flow, 
ADAF[||,|]). TheX rays are ususally described with Comptonization models [E3l E4p. However, 



it is also possible that the compact jet may contribute to the X-ray emission or even dominate it 
[15, |l^]. When the source brightens it can stay in the hard state to fairly large accretion rates (up 



to 30 % Eddington). Once the source leaves the hard state, it is often found in an intermediate state 
(IMS). One finds two IMSs, first, the source enters a hard IMS characterized by a hard spectral 
component and band-limited noise in the X-ray power spectrum. The hard IMS often shows shows 
strong but increasingly unstable radio emission. Additionally, a soft IMS is found, dominated by 
a soft spectral component with power law noise in the power spectrum (e.g., In the soft IMS 
no radio emission is found, but during the transition from the hard to the soft IMS an optically 
thin radio flare is usually observed. After leaving the IMS the source may go to the soft state, here 
the X-ray spectrum is dominated by a soft thermal component that is thought to originate from a 
standard accretion disk. Again, the radio jet is quenched in this state [^, ^] or, rather, it does not 
reappear. 

In the soft state a BH is well described with standard accretion theory, e.g., as expected the 
luminosity scales with the disk temperature as [p^]. It is therefore likely that sources in their soft 
state are radiatively efficient and it is possible to estimate the accretion rate from the bolometric 
luminosity. In the hard state, the accretion flows are thought to be radiatively inefficient - thus 
the bolometric luminosity cannot be used directly as a measure of the accretion rate. However, in 
the hard state one always observes a radio jet. It has been suggested that the jet power is linearly 
coupled with the accretion rate (see e.g. [^). This implies that we can use the jet as a tracer of 
the accretion rate for inefficiently accreting objects. An accretion measure based on the jet has not 
only the advantage of being usable for the hard state, but is also very easy to use as it only requires 
a radio core flux. 



2. Accretion rates 



In order to create an estimator of the accretion rate using the radio luminosities, we first have 
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Figure 1: Left side: hardness intensity diagram for GX339-4 (reproduced with permission from Belloni et 
al 2005 [^). The source is in the hard inefficiently accreting state on the right side of the diagram. As we 
argue in the text we can only use the datapoint marked with the big red star to normalize our accretion rate 
measure. At this point the accretion flow is nearly efficiently radiating and still has a steady radio jet. Right 
side: Radio luminosity as a function of power liberated in the accretion disk for NSs and BHs. 



to obtain a sample of steady jet-emitting sources with a measured accretion rate. 



Atoll NSs seem to have steady radio emitting jets [19]. As they have a stellar surface, all 
accreted power has to be radiated away. To compare NSs with BHs, we assume that the boundary 
layer contributes 1/2 of the total bolometric luminosity [^]. This assumption is not crucial, see [12] 
for details. BHs only have steady jets in their hard states, ie., when the source is thought to be 
radiatively inefficient and the bolometric luminosity cannot be used to estimate the accretion rate. 
Once a source is in the efficiently radiating soft state the jet is quenched. 

To construct a sample of BHs showing a steady radio jet with estimated accretion rates we can 
use the fact the the bolometric luminosity does not change significantly during the state transition 
from the hard to the soft state [25]. The hardness intensity diagram (HID) of the 2003/2004 out- 
burst of GX339-4 is shown on the left side of Fig. While the source is on the left/soft side of the 
diagram, we can use the bolometric luminosity to estimate the accretion rate. On the right/hard side 
the source is likely to be radiatively inefficient. The conversion factor to bolometric luminosities 
for the plotted PCU counts is roughly similar for both the soft and the hard state. As the transi- 
tion in the HID is roughly horizontal, this supports the aforementioned result that the bolometric 
luminosity does not change during the state transition. If we assume that the accretion rate does 
not change rapidly during the state transition, we can use the bolometric luminosity just before the 
state transition to estimate the accretion rate for the source (which still has a steady jet). For every 
outburst we only obtain a single measurement, which is indicated for the 2003/2004 outburst with 
the big red star. We found data for 5 outbursts (2x GX 339-4, Cyg X-1, 1859-1-226, V404 Cyg). 
Additionally we included GRS 1915-1-105, which is constantly accreting near its Eddington limit. 
In its plateau state it has a steady jet and is likely to be radiatively efficient. 

On the right side of Fig. |l] we plot the 5 GHz Radio luminosity (vLy) as a function of the 
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accretion rate for the sample of 5 outbursts and the NSs. To obtain the accretion rate from the 
bolometric luminosity we assume a constant efficiency of T] 0.1 for both BHs and NSs. For the 
NSs we have further reduced the bolometric luminosity by a factor 2 to subtract the boundary layer. 
Fig. |I] is therefore a plot of the radio luminosity against power liberated in the accretion disk. We 
find a strong correlation between radio luminosity and accretion power. The solid line represents 
the analytical prediction of a conical jet model Lr oc m^ '^ (e.g., [§]), which describes the data well. 
Thus, we can use the radio luminosity to estimate the accretion rate: 

M = Mo(p^) , (2.1) 

where the normalisation factors (Mq, Lq^^ghz) is determined by the normalization of the radio / 
accretion rate correlation. As both constants are exchangeable we set Lo,8g//z = ^^^^ ^rg This 
is roughly the 8.6 GHz radio luminosity where the accretion disc around a IOMq BH changes its 
spectral state. For Mq we find: 

Mo = 4.0x 10"gs"^ (2.2) 
If one treats NSs and BHs separately and does not consider the contribution of the boundary layer. 



the normalizations for both classes differ by roughly a factor 2 (see []12|]). 

This accretion rate estimator was normalized using efficiently radiating sources only. We did 
not use the observations for which the accretion rate was to be estimated for the normalization of 
our method. Thus, we can compare the bolometric luminosity with our accretion rate estimations. 
On the left side of Fig. ^ we plot the bolometric X-ray luminosity against accretion rate for BH 
and NS XRBs. The NSs and the efficiently accreting source GRS 1915+105 have bolometric 
luminosities Lt,oi °^ M. However, this only reflects that the radio luminosity follows the predictions 
of a jet model. The hard state black hole significantly deviate from the linear scaling found for NSs. 
We find that they scale like L^q/ oc We note that this quadratic dependence has not been put 
into the accretion measure, only the linear dependence of the NSs and efficient accreting objects 
has been used to normalize the accretion measure. 

At low accretion rates of 0.001 MEdd BHs have significantly lower bolometric luminosities 
than NSs (~ two orders of magnitude). We can use this difference to explore if BHs advect some 
of the accreted power. All accreted power has to leave the accretion flow in some way. Energy can 
escape from the accreting system only in the form of matter (wind and jet) and as radiation. 

MT]C^ = Pjet + Pmnd + Uol + PAdvect, (2.3) 

where 77 denotes the efficiency with that the BH can create energy from accretion (e.g., rj f» 0.1), 
Lboi denotes the bolometric luminosity, Pjet and Pwind the power injected into the jet and wind 
and PAdvect is the power advected into the BH. The latter term vanishes for a NS as advection is 
impossible due to the stellar surface. We attribute all matter and magnetic fields not contained in 
the jet to the accretion disc wind. 

Assuming that the radiative efficiency of BH and NS are similar, we have seen that 

PfJiM)^PfJ^{M)^qjM, (2.4) 
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Figure 2: Bolometric luminosity as a function of the accretion rate estimated from the radio luminosity. 
Left side: Our sample of stellar BHs and NSs. While the bolometric luminosity in NSs depends linearly on 
accretion rate it scales quadratically for hard state BHs. Right side: Same as left only for AGN assuming the 
same bolometric correction for AGN as measured in BHs. 



Disk winds play an important role for strongly accreting sources near the Eddington limit. For 
strongly sub-Eddington sources winds are likely to be less important for the energy budget. But 
even if winds carry a significant fraction of the accreted power, it is likely that NSs and BHs have 
similar wind properties due to their similarities in the SED and the power spectral density. We note 
that NSs have larger bolometric luminosity, thus if the wind properties of both classes are different 
NSs are probably the ones with the stronger radiation driven wind. In equations: 

PTnd{M)^Pf,iM)- (2.5) 

Combining these formulae, we find: 

pZect^i^zm-Lf^m (2.6) 

For strongly sub-Eddington sources this difference is larger than the total bolometric luminosity. 
Those sources are therefore likely to advect more energy than they radiate in X rays. 

3. Active Galactic Nuclei 

The fundamental plane of accreting black holes [ jnl , ^ |ll|] connects XRBs and AGN with a 
plane in the BH mass. X-ray and radio luminosity space. The fundamental plane can be parametrized 
as 

\ogLx = (1 .41 ± 0. 11 ) log W - (0.87 ± 0. 14) logM + ^, (3.1) 

where b is the unimportant offset. One projection of the plane is shown on the left side of Fig. ||. 
The right side of the figure presents the corresponding map. We note that the significance 
contours are highly elliptical. So it is possible to increase the radio coefficient a little while reducing 
the mass coefficient without changing the significantly, e.g., the parameter pair (1.5, -1) is just 
barely out of the la contour while (1.4, -1) can be rejected with more than 3 a. 
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Figure 3: Fundamental plane of accreting black holes in the version of [pi]]. Left side: X-ray luminosity 
scaled for BH mass against radio luminosity for a sample of XRBs, LLAGN, FR-I RGs and BL Lac objects. 
Right side: map for the mass and radio luminosity correlation parameter One, two and three sigma 
contours are shown. 



The exact parameters depend slightly on the sample used to derive the fundamental plane. If 
one puts different weights on the different classes of AGN (e.g., number of LLAGN compared to 
FR-I RGs or Quasars) one finds slightly different parameters [|ll|]. We have shown in [18] that 
the Fundamental plane is not affected by huge differences in the distance of XRBs and AGN. The 
correlation is still visible if one plots only fluxes and has been checked using partial correlation 
analysis and Monte Carlo simulations. 

Using our accretion rate measure, we can rewrite the fundamental plane to: 

2 

- ) M° i4. (3.2) 



LEdd \MEdd 

This is, up to the factor M" '^, exactly what one would expect for an inefficient accretion flow 
around a black hole. This factor M° can be seen as a consequence of our choice of the dependence 
of the accretion rate on radio luminosity (Lr oc m'-^). If we had used a larger value (e.g., 1.5), which 
would still be in agreement with the data, the factor would nearly vanish. In that case the exponent 
for the radiatively inefficient accretion is not exactly 2 as we currently find. Additionally we note 
that the fundamental plane has been derived using 2-10 keV X-ray luminosities, while we used 
bolometric luminosities in our studies here. The correction factor M^-^^ may therefore be real, ie. a 
bolometric correction varying with black hole mass or it can represent the microphysics that is not 
scale invariant. 

If we use the same bolometric correction for XRBs as for AGN, we find the plot shown on 
the right side of Fig. ^ Similar to the stellar BHs LLAGN are already significantly below the 
linear correlation expected for efficiently radiating sources. The large scatter around the inefficient 
scaling is due to the missing mass correction factor M"''^. If we include that factor as "effective 
bolometric correction" (whether it is a real effect or a relic of our choice of the accretion measure), 
we arrive at Fig. ^ (left panel). Now the inefficient scaling found in stellar BHs is also found in 
hard state AGN: LLAGN, FR-I RGs and BL Lac objects. 

One of the differences between the two suggested versions of the fundamental plan is that 
Falcke and Kording et al. [0, O] try to include only hard-state objects, while Merloni et al. [[T7|] 
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Figure 4: Right side: Bolometric luminosity as a function of accretion rate. In comparison to Fig. 2 we 
now include the correction factor M" '^ originating from the fundamental plane. The scatter is significantly 
reduced. Left side: Disk-fraction luminosity diagram of a sample of AGN. It is a generalization of HIDs 
used in XRBs, see Fig. 1 for a HID of GX 339-4. AGN and XRBs populate the same regions in the diagram. 
The fundamental plane and our accretion measure is only valid on the right side of the diagram. 



try to include a representative sample of all AGN, including quasars which probably belong to the 
soft state. Both studies obtain similar results for the fundamental plane. Here, we explore why 
the inclusion of soft state objects seem to effect only the scatter around the correlation. First, we 
note that if a source is brighter than the luminosity where the inefficient scaling reaches the track 
of efficient accretion, it cannot continue to scale as M^, but its bolometric luminosity needs to scale 
linearly with accretion rate. This suggests, that high accretion rate AGN should have a reduced 
X-ray flux compared to the correlation (up to a factor ~ 30 — 100). 

In the picture presented in [ |l3| ] the fundamental plane is only valid on the right side of an 
disk-fraction luminosity diagram (DFLD) (see Fig. ^ right panel and the contribution by Jester et 
al. these proceedings). For low accretion rates (below 1% Edd) all objects are on the right side of 
the diagram and show strong radio jets. For larger accretion rates the sources can either be radio 
loud or quiet, the probablity to be in on of those states seems to depend on their position in the 
DFLD. If we include a sample of radio quiet and loud AGN, the average radio luminosity will be 
reduced compared to what one would expect from our accretion rate measure (see e.g., [14]). This 
compensates the previously mentioned reduction of the X-ray flux due to the end of the quadratic 
scaling. Inclusion of radio loud and quite AGN will therefore mainly increase the scatter around 
the correlation. 
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